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Lalande S, Sawicki CP, Baker JR, Shoemaker JK. Effect of age on
the hemodynamic and sympathetic responses at the onset of isometric
handgrip exercise. J Appl Physiol 116: 222–227, 2014. First published
December 12, 2013; doi:10.1152/japplphysiol.01022.2013.—Cardiac
and peripheral vasomotor factors contribute to the rapid pressor
response at the onset of isometric handgrip exercise. We tested the
hypothesis that age enhances the sympathetic and vasoconstrictor
response at the onset of isometric handgrip exercise so that the pressor
response is maintained, despite a diminished cardiac function. Twelve
young and twelve older (24 ⫾ 3 and 63 ⫾ 8 yr) individuals performed
20-s isometric handgrip exercise at 30, 40, or 50% of maximal voluntary
contraction force. Muscle sympathetic nerve activity (MSNA) was measured using microneurography. Mean arterial pressure (MAP) and
cardiac output (Q̇) were assessed continuously by finger plethysmography and total peripheral resistance was calculated. MAP increased
with the onset of handgrip; this increase was associated with handgrip
intensity and was similar in both groups. Heart rate and Q̇ increased
with increasing handgrip intensity in both groups, but increases were
greater in young vs. older individuals (age ⫻ handgrip intensity
interaction, P ⬍ 0.05). MSNA burst frequency increased (P ⬍ 0.01),
while MSNA burst incidence tended to increase (P ⫽ 0.06) with
increasing handgrip intensity in both groups. The change in MSNA
between baseline and handgrip, for both frequency and incidence,
increased with increasing handgrip intensity for both groups. There
was no effect of handgrip intensity or age on total peripheral resistance. The smaller heart rate and Q̇ response during the first 20 s of
handgrip exercise in older individuals was not accompanied by a
greater sympathetic activation or vasoconstrictor response. However,
increases in MAP were similar between groups, indicating that the
pressor response at the onset of handgrip exercise is preserved with
aging.
aging; blood pressure regulation; exercise onset

increases mean arterial pressure
(MAP) (5, 11) through a coordinated series of reflexes emanating from central brain sites associated with volitional effort
and from muscle sensory afferents (14, 28). This exerciseinduced pressor response begins at the very onset of the
handgrip contraction, and the mechanisms of this rapid rise in
MAP have been primarily related to changes in cardiac output
(22, 24). A neurovascular component to the rise in MAP has
also been proposed (19) on the basis of a large sympathetic
response to fatiguing handgrip, although the association to the
vascular response has been questioned (21). Nonetheless, a
large sympathetic response occurs within 20 –30 s of moderateintensity isometric handgrip exercise (7). The rapid cardiac
response observed with handgrip exercise has been primarily
related to parasympathetic withdrawal (8, 27), whereas the
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somewhat delayed sympathetic response has been associated
with a metabolites-mediated reflex from the fatiguing skeletal
muscle (13, 27). Thus, unlike the multimodal contributions to
blood pressure control during sustained handgrip exercise, the
onset of isometric handgrip exercise (i.e., the first 20 s) results
in a rapid pressor response that mirrors the tachycardia with
minimal change in sympathetic outflow (27).
The pressor response to fatiguing handgrip exercise is unaffected by age (9, 10, 15, 16, 26). However, advancing age
does attenuate the heart rate response to handgrip exercise (9,
10, 15, 16, 26), possibly due to the decline in parasympathetic
withdrawal observed in this population (25). The attenuated
heart rate response and the resulting blunted cardiac output in
older individuals (10) could, therefore, reduce the cardiac
contribution to the increase in MAP at the onset of handgrip
exercise. Thus we tested the hypothesis that age enhances the
sympathetic and vasoconstrictor response at the onset of isometric handgrip exercise so that the pressor response is sustained in the presence of diminished cardiac function. To
address this hypothesis, we measured the hemodynamic and
muscle sympathetic nerve activity (MSNA) responses to 20-s
bouts of isometric handgrip exercise performed at 30, 40, and
50% of maximal voluntary contraction (MVC) in young and
older individuals.
METHODS

Twelve young and twelve older individuals with no history of
cardiac, metabolic, neurological, inflammatory, or psychological disease and who were nonsmokers participated in the study. The study
protocol was approved by the Office of Research Ethics at Western
University, and all participants provided written, informed consent for
participation in the study. Participants refrained from caffeine and
heavy exercise for 12 h before arriving at the laboratory. Height and
weight were recorded before participants assumed the supine position
on a bed. Baseline systolic (SBP) and diastolic blood pressures (DBP)
were measured using manual sphygmomanometry, and an average of
three measures was calculated. Participants were first asked to perform two maximal voluntary handgrip contractions (MVC), and the
largest of these contractions was used to determine the relative
intensity of the handgrip exercise. Participants performed four 20-s
handgrips at 30% of MVC, with each handgrip separated by 1 min of
rest. The same handgrip protocol was also performed at 40 and 50%
of MVC. The 30 and 40% MVC intensities were performed in a
random order, while 50% MVC intensity was always performed last.
Participants reported their rate of perceived exertion at the end of each
group of four handgrips using the Borg scale (2). Participants were
instructed to breathe spontaneously during handgrip exercise, and all
handgrips were performed with the left arm, which was the nondominant arm in all but two older participants.
Heart rate was measured from a three-lead electrocardiogram
(Pilot, Colin Medical Instruments, San Antonio, TX). Mean arterial
pressure (MAP), SBP, and DBP were measured continuously by
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finger plethysmography (Finometer, Finapres Medical Systems, Amsterdam, the Netherlands) on the middle finger of the nonexercising
hand. Pulse pressure (PP), a surrogate marker for arterial stiffness,
was calculated as the difference between systolic and diastolic pressures. Stroke volume and cardiac output were assessed by finger
plethysmography using the Modelflow method (1). Total peripheral
resistance was calculated as the quotient of MAP and cardiac output.
Baseline beat-by-beat hemodynamic measures were averaged over the
30-s preceding each handgrip. An average of the four baseline
measures preceding each of the four handgrips performed at 30% of
MVC was calculated. Similarly, averages of the four baseline measures at 40 and 50% of MVC were calculated. Since there was no
difference between baseline values at 30, 40, and 50% of MVC, an
average baseline value for all handgrip intensities was calculated and
reported. Hemodynamic measures were collected in the last 10 s of
each handgrip, and all four handgrip measures performed at a given
handgrip exercise intensity were reported as an average value for each
individual.
MSNA was measured from the right peroneal nerve using microneurography (6). Briefly, a tungsten microelectrode was inserted
percutaneously into the fibular nerve posterior to the fibular head. A
suitable sympathetic nerve site was determined by a characteristic
pulse-synchronous burst pattern. The MSNA neurogram was amplified 1,000 times through a preamplifier and 100 times by a variablegain, isolated amplifier. The amplified raw MSNA signal was bandpass filtered at a bandwidth of 700 –2,000 Hz, sampled at 10,000 Hz,
and stored offline for further analysis (Powerlab, ADInstruments,
Colorado Springs, CO). Integrated bursts of MSNA were identified as
exhibiting pulse synchrony, having a signal-to-noise ratio of at least
2:1 with respect to the previous period of neural silence between
bursts and having characteristic rising and falling slopes. Burst occurrence was confirmed by visually inspecting the corresponding raw
neurogram. Baseline burst frequency (bursts/min) and incidence
(bursts/100 heartbeats) were obtained in the 30-s preceding each
handgrip. Total MSNA was calculated as the product of mean burst
area per minute and burst frequency. No difference was observed in
baseline burst frequency and incidence over the course of the study
(data not shown). Therefore, the four baseline measures for each
handgrip intensities were average and reported as one baseline value.
Exercise MSNA burst frequency and incidence were obtained over the
20 s of handgrip exercise, and the values from the four bouts of each
handgrip intensity were averaged.
Statistics. Comparisons of baseline characteristics between young
and older groups were conducted using a Student’s unpaired t-test. A
mixed one-way analysis of variance was used to test the effect of
handgrip intensity and age. Post hoc analyses were performed using
Bonferroni correction. Pearson’s correlation coefficient was used for
the analysis of associations between variables. Multiple linear regressions were performed to determine the independent predictors of the
MAP response to isometric handgrip exercise in both young and older
individuals. Results are expressed as means ⫾ SD. P values ⬍ 0.05
were considered statistically significant.
RESULTS

Young and older individuals had similar height, weight, and
resting heart rate, while older individuals had greater SBP and
DBP than young individuals (Table 1). Both groups had similar
MVCs [0.22 ⫾ 0.02 vs. 0.22 ⫾ 0.04 V in young vs. older
individuals, respectively; P ⫽ nonsignificant (NS)]. Isometric
handgrip exercise was performed at 28 ⫾ 1 and 30 ⫾ 1%
MVC, 37 ⫾ 1 and 39 ⫾ 1% MVC, and 47 ⫾ 2 and 49 ⫾ 2%
MVC in young and older individuals, respectively (P ⫽ NS).
In accordance, the reported rates of perceived exhaustion were
11 ⫾ 2 and 11 ⫾ 2, 12 ⫾ 2 and 12 ⫾ 2, and 14 ⫾ 3 and 14 ⫾
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Table 1. Participants’ characteristics
No. of subjects
Age, yr
Height, cm
Weight, kg
Heart rate, beats/min
SBP, mmHg
DBP, mmHg

Young

Older

12 (5 men)
24 ⫾ 3
169 ⫾ 8
67 ⫾ 16
63 ⫾ 7
111 ⫾ 10
67 ⫾ 7

12 (7 men)
63 ⫾ 8*
168 ⫾ 10
69 ⫾ 13
61 ⫾ 7
123 ⫾ 19*
73 ⫾ 8*

Values are means ⫾ SD. SBP, systolic blood pressure; DBP, disastolic
blood pressure. *Different from young subjects, P ⬍ 0.05.

2 across the three handgrip intensities in young vs. older
individuals, respectively (P ⫽ NS).
Baseline MAP was higher in older vs. young individuals, but
increased similarly in both groups in a manner that was graded
with handgrip intensity (Table 2). Similarly, SBP and DBP
were higher in older vs. young individuals and increased with
handgrip intensity in both groups (Table 2). There was an age ⫻
handgrip intensity interaction for PP, where PP increased with
increasing handgrip intensity in older individuals, but not in
young individuals (Table 2). There was an age ⫻ handgrip
intensity interaction for heart rate (Table 2), where heart rate
increased with increasing handgrip intensity in both groups, but
the increase was greater in young vs. older individuals (Fig. 1).
Also, an age ⫻ handgrip intensity interaction was observed for
cardiac output (Table 2), where cardiac output increased with
handgrip intensity in both groups but more in young vs. older
individuals (Fig. 1). The increase in cardiac output with handgrip exercise was due to the heart rate response, as stroke
volume did not increase in either group (Table 2). Total
peripheral resistance also did not change with handgrip exercise in either group (Table 2).
As expected, baseline MSNA burst frequency and burst
incidence were greater in older vs. young individuals (main
effect of group for burst frequency: P ⫽ 0.002, and burst
incidence: P ⫽ 0.001, Table 2). During isometric handgrip
exercise, burst frequency increased with increasing handgrip
intensity (main effect of handgrip: P ⫽ 0.004), while burst
incidence only tended to increase (main effect of handgrip:
P ⫽ 0.06, Table 2). A main effect of handgrip intensity on the
changes in burst frequency was observed as well (P ⫽ 0.002,
Fig. 2). An age ⫻ handgrip intensity interaction (P ⫽ 0.02)
was observed for the handgrip-induced changes in burst incidence (Fig. 2). Notably, the average changes in burst incidence
decreased below baseline at the lower handgrip intensity in
older individuals. The effects of handgrip intensity, as well as
the age ⫻ handgrip intensity interaction, were also observed
when changes in burst frequency and burst incidence were
expressed in relative values. Similar to baseline MSNA burst
frequency and burst incidence, total MSNA was greater in
older vs. young individuals at baseline and for all handgrip
intensities (main effect of group: P ⫽ 0.03, Table 2). Moreover, total MSNA also increased with increasing handgrip
intensity (main effect of handgrip: P ⫽ 0.019). However,
relative changes in total MSNA with increasing handgrip
intensity were not different between groups (young: ⫺6 ⫾ 45,
15 ⫾ 79, and 166 ⫾ 219%; older: 15 ⫾ 33, 29 ⫾ 41, and 75 ⫾
80% at 30, 40, and 50% of MVC, respectively).
Even though the average total peripheral resistance did not
change with handgrip exercise in either group, changes in total
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Table 2. Hemodynamic and sympathetic response at the onset of isometric handgrip exercise performed at 30, 40, and 50%
of MVC in young and older individuals
MAP, mmHg
Young
Older
SBP, mmHg
Young
Older
DBP, mmHg
Young
Older
PP, mmHg
Young
Older
Q̇, l/min
Young
Older
HR, beats/min
Young
Older
SV, ml
Young
Older
TPR, mmHg·l⫺1·min
Young
Older
Burst frequency, bursts/min
Young
Older
Burst incidence, bursts/100 heartbeats
Young
Older
Total MSNA, V/min
Young
Older

Baseline

30%

40%

50%

Handgrip Intensity

Group

Interaction

82 ⫾ 7
90 ⫾ 11

81 ⫾ 7
93 ⫾ 12

84 ⫾ 7
94 ⫾ 13*

86 ⫾ 7*†
96 ⫾ 14*†

⬍0.001

0.022

0.089

111 ⫾ 10
123 ⫾ 19

110 ⫾ 10
127 ⫾ 22*

113 ⫾ 10
129 ⫾ 22*

115 ⫾ 11*†
131 ⫾ 24*†

⬍0.001

0.035

0.054

67 ⫾ 7
73 ⫾ 8

67 ⫾ 7
75 ⫾ 9

69 ⫾ 9*†
77 ⫾ 10*

72 ⫾ 5*†
78 ⫾ 10*†

⬍0.001

0.032

0.333

44 ⫾ 6
50 ⫾ 15

44 ⫾ 7
51 ⫾ 16

44 ⫾ 7
52 ⫾ 17

43 ⫾ 8
53 ⫾ 17

0.051

0.102

⬍0.001

5.9 ⫾ 1.5
5.4 ⫾ 1.1

6.1 ⫾ 1.7
5.6 ⫾ 1.2

6.4 ⫾ 1.7*†
5.8 ⫾ 1.3*

6.8 ⫾ 1.8*†‡
5.8 ⫾ 1.3*

⬍0.001

0.283

0.033

63 ⫾ 7
61 ⫾ 7

65 ⫾ 6
63 ⫾ 8

70 ⫾ 8*†
64 ⫾ 8

77 ⫾ 11*†‡
67 ⫾ 11*†

⬍0.001

0.122

0.023

94 ⫾ 25
91 ⫾ 22

90 ⫾ 20
92 ⫾ 25

90 ⫾ 21
92 ⫾ 24

88 ⫾ 22
88 ⫾ 24

0.05

0.739

0.431

14.8 ⫾ 3.6
17.8 ⫾ 6.5

14.2 ⫾ 3.5
17.8 ⫾ 6.9

13.9 ⫾ 3.5
17.7 ⫾ 7.1

13.4 ⫾ 3.3
17.9 ⫾ 7.5

0.133

0.111

0.109

11.5 ⫾ 5.0
25.3 ⫾ 9.6

13.3 ⫾ 7.0
27.3 ⫾ 9.6

13.6 ⫾ 7.3
28.7 ⫾ 14.0

17.1 ⫾ 11.6*
32.1 ⫾ 10.2*

0.004

0.002

0.632

18.4 ⫾ 8.0
42.2 ⫾ 15.5

20.9 ⫾ 11.5
39.6 ⫾ 16.8

19.7 ⫾ 10.4
45.2 ⫾ 21.1

23.7 ⫾ 15.0
49.4 ⫾ 16.1

0.064

0.001

0.272

10.9 ⫾ 6.9
48.1 ⫾ 48.4

10.4 ⫾ 8.9
60.9 ⫾ 79.4

13.2 ⫾ 10.7
73.3 ⫾ 99.8

28.3 ⫾ 26.5
71.2 ⫾ 50.7

0.019

0.029

0.333

Values are means ⫾ SD. MVC, maximal voluntary contraction; MAP, mean arterial pressure; PP, pulse pressure; Q̇, cardiac output; HR, heart rate; SV, stroke
volume; TPR, total peripheral resistance; MSNA, muscle sympathetic nerve activity. Different from *baseline, †30% MVC, and ‡40% MVC: all P ⬍ 0.05.

peripheral resistance were correlated with changes in burst
frequency in older individuals (r ⫽ 0.33, P ⫽ 0.05), but not in
young individuals (r ⫽ 0.02, P ⫽ 0.93) (Fig. 3). Multiple linear
regressions revealed that total peripheral resistance (P ⬍ 0.01)
and cardiac output (P ⫽ 0.01) were independent predictors of
the MAP response to isometric handgrip exercise in young
individuals, while total peripheral resistance (P ⬍ 0.01) and PP
(P ⬍ 0.01) were independent predictors of the changes in MAP
during isometric handgrip exercise in older individuals.
DISCUSSION

The present results indicate that the rapid increase in MAP
observed at the onset of isometric handgrip exercise is preserved in older individuals, despite the diminished cardiac
response observed in this group. Specifically, older individuals
showed a smaller heart rate and cardiac output response to
handgrip exercise compared with young individuals. Contrary
to the hypothesis under investigation, a greater sympathetic or
vasoconstrictor response was not observed in the older group.
Thus, based on the greater PP response, we speculate that an
increased arterial stiffness in older individuals enables a
smaller change in cardiac output to induce greater changes in
MAP in this population.
Whether the rise in blood pressure during handgrip exercise
is driven primarily by elevations in cardiac output or by
sympathetically induced increases in total peripheral resistance

has been a common focus in reflex cardiovascular research.
Previous explorations of this question have relied on more
delayed or steady-state conditions that occur after 1–2 min of
handgrip exercise. Using this latter approach, it was reported
that static handgrip exercise results in elevated cardiac output
with little change in systemic vascular resistance (4, 11, 22).
Indeed, during ischemic handgrip exercise, cardiac output
accounted for increases in MAP due to elevations in heart rate
and stroke volume, despite large increases in MSNA (22).
However, the contributions of stroke volume may be delayed
beyond the first 20 s of handgrip exercise (22, 24), such that the
initial rapid increase in MAP and cardiac output are driven
primarily by changes in heart rate.
This study focused on the first 20 s of isometric handgrip
exercise to establish the neural and cardiac contributions to
blood pressure at the onset of exercise. In this time period, the
rise in heart rate accounted for the increase in cardiac output
with little change in stroke volume. In accordance with previous studies (9, 10, 15, 16, 26), we observed an attenuated heart
rate response to isometric handgrip exercise in older individuals. The attenuated heart rate response in older individuals at
the onset of handgrip exercise is consistent with a decline in
parasympathetic withdrawal with aging due to either a reduced
baseline level of cardiac vagal outflow (25) and/or to an
age-related decline in cardiac M2 muscarinic receptor density
and function (3). Regardless, the lack of change in average
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during sustained handgrip exercise until exhaustion, defined as
the inability to maintain handgrip intensity and achievement of
peak level of perceived exertion (16). The increase in burst
frequency and burst incidence in the present study did not
trigger any significant changes in average total peripheral
resistance in both groups (Table 2). Despite the observed lack
of change in average total peripheral resistance, variability
exists in the total peripheral resistance response to increases in
MSNA across individuals. Indeed, changes in total peripheral
resistance were correlated, albeit weakly, to changes in burst
frequency in older individuals, but not in young individuals.
The lack of association between total peripheral resistance and
MSNA in young individuals further supports the observed
dissociation between MSNA and limb vascular resistance previously reported in this population (18, 21).
Interestingly, we observed increases in MSNA burst frequency within the first 20 s of isometric handgrip exercise.
Typically, the increase in MSNA during isometric exercise is
predominantly attributed to the metaboreflex from active muscles and is usually not observed during the first minute of

Fig. 1. Changes in heart rate (A) and changes in cardiac output (B) from
baseline (BL) to 30, 40, and 50% of maximal voluntary contraction (MVC) in
young (solid bars) and older individuals (shaded bars). There was a main effect
for handgrip intensity (P ⬍ 0.01) and an age ⫻ handgrip intensity interaction
(P ⬍ 0.05). *Different from 30% of MVC. †Different from 40% of MVC.

total peripheral resistance in both groups suggests that cardiac
output plays a greater role in increasing MAP at the onset of
handgrip exercise than does vasoconstriction. However, this
does not explain the similar increase in MAP, despite a lower
cardiac output response in older individuals. Rather, an increased arterial stiffness with aging may contribute to the
similar MAP response in both groups. This conjecture is
supported by an observed increase in PP during 20 s of
isometric handgrip exercise in the older individuals of the
present study. Thus, while changes in cardiac output act as
primary determinants of the pressor response in young individuals, an increased arterial stiffness contributes to the increase MAP during isometric handgrip exercise in older individuals.
Changes in MSNA burst frequency and burst incidence
increased similarly with increasing handgrip intensity in both
groups. A lack of difference in changes in MSNA between
young and older individuals has previously been reported

Fig. 2. Changes in burst frequency (A) and changes in burst incidence (B) from
BL to 30, 40, and 50% of MVC in young (solid bars) and older individuals
(shaded bars). There was a main effect for handgrip intensity (P ⬍ 0.05), and
an age ⫻ handgrip intensity interaction (P ⬍ 0.05). *Different from 30% of
MVC. †Different from 40% of MVC.
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increasing handgrip intensity. It is also of interest to note that
greater increases in MSNA have been reported during isometric handgrip performed by the nondominant vs. dominant
forearm (23), and that handgrip exercise was performed with
the nondominant forearm for the majority of our participants.
In this study, exercise bouts of 20 s were used in the attempt to
avoid metaboreflex activation. We used a resting period of 1
min between each handgrip, which raised a possible concern
that there was metabolite built up with repeated handgrip
exercise. To minimize this possibility, the order of 30 and 40%
of MVC handgrip exercise was randomized, and handgrip
exercise at 50% of MVC was always performed last. Moreover, there were no changes in baseline MSNA at each handgrip intensity, suggesting that neither accumulation of metabolites or increased sensitivity of the metaboreceptors occurred
between each handgrip.
The present study focused on the hemodynamic and sympathetic responses to 20-s bouts of isometric handgrip exercise,
representing a relatively short time period to measure MSNA.
Nonetheless, the MSNA burst frequency across the various
handgrip intensities was quite homogeneous across individuals, both in the young and older group (Fig. 4). Therefore, we

Fig. 3. Correlations between changes in burst frequency and changes in total
peripheral resistance (TPR) in young (A) and older (B) individuals at all
handgrip intensities.

isometric exercise performed at 30% MVC (13, 27). This
latency period before the increase in MSNA appears to be
intensity dependent, with a greater exercise intensity corresponding to a shorter latency period (17). When participants
were asked to perform handgrip with maximal effort for 2 min,
which was equivalent to 58% MVC after 10 s of exercise,
MSNA increased 20 s after the onset of handgrip exercise (7).
It was concluded that differences in timing of metaboreflex
activation depended on the speed of accumulation of metabolites in the contracting muscle (13, 20). Moreover, sympathetic
blockade depressed the heart rate response to isometric handgrip exercise after 10 s of contraction at 50 and 75% MVC,
supporting sympathetic contribution to the heart rate response
at the beginning of heavier exercise (12). Therefore, effort
levels above 50% of MVC seem to activate sympathetic
efferent outflow within a short period of time. These previous
findings support a sympathetic activation within the first 20 s of
handgrip exercise, with observed increases in MSNA with

Fig. 4. Muscle sympathetic nerve activity burst frequency at BL and across all
handgrip intensities in young (A) and older (B) individuals.
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do not believe that excessive interindividual variability or
between-contraction variations precluded detection of any real
differences. In summary, older and young individuals had
similar increases in MAP at the onset of isometric handgrip
exercise, despite an attenuated heart rate and cardiac output
response to handgrip exercise in older individuals. Despite an
increase in MSNA burst frequency, there was no change in
average total peripheral resistance in either young or older
group. It appears that a stiffer vascular system in older individuals facilitates a conserved pressor response to handgrip
exercise, despite modulation of cardiac function.
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